37 Sound detection in auditory sensory hair cells depends on the deflection of the 38 stereocilia hair bundle, which opens mechano-electric transduction (MET) channels.
magnitude and time course of the hair bundle deflection, we developed a high-speed 48 imaging technique to quantify this deflection. The fluid jet delivers a force stimulus, and to generate a step-like hair bundle displacement produced rapidly adapting currents that 53 did not depend on membrane potential. This indicated that fast adaptation does not 54 depend on calcium entry. We also confirmed the presence of a calcium-dependent slow 55 adaptation process. These results confirm the existence of multiple adaptation 56 processes: a fast adaptation that is not driven by calcium entry and a slower calcium-57 dependent process. to it (6, 14, (16) (17) (18) (19) (20) .
90
Several experimental results from non-mammalian vertebrates support a model 91 in which calcium must enter the hair cell to affect both fast and slow adaptation: 1)
92
Current decay occurs at negative potentials where calcium entry occurs, but not at 93 positive potentials where calcium entry is inhibited (6, 21, 22) . 2) Two-pulse experiments 94 demonstrate adaptation shifts at negative potentials that are modulated when using 95 different extracellular calcium concentrations (5-7).
3) The time constants of fast and 96 slow adaptation increase with increasing intracellular calcium buffering or decreasing 97 extracellular calcium concentrations (5, 6, 11, 20, 23) . 4) The resting open probability of 98 MET channels, an indicator of the activation curve operating point, increases with lower 99 extracellular calcium concentration and upon depolarization (6, 11, 20, 24) . These data 100 have been interpreted as supporting calcium-dependent adaptation mechanisms. Our 101 recent data from cochlear hair cells challenge this hypothesis for mammalian auditory 102 hair cells (12, 13, 25) .
103
For in vitro MET experiments, stiff probes and fluid jets are the most commonly 104 used methods; they deliver step-like displacement or force stimuli to the hair bundle, 105 respectively. Stiff probes directly couple to stereocilia. In contrast, fluid jets eject 106 extracellular solution onto hair bundles from the tip of a pipette; the fluid velocity 107 produces a drag force stimulus on the hair bundle (26).
108
Our previous experiments with mammalian cochlear hair cells used stiff probe 109 stimuli (12, 13). Improvements to stiff probe technology produced step-like displacement 110 rise times as short as 11 µs (12) alone cannot be used to support the calcium dependence of fast adaptation. These data 121 supported that fast adaptation was not driven by calcium entry.
122
In contrast, data acquired by other labs using fluid-jet stimulators with longer rise 123 times of ~500 µs suggest that fast adaptation is driven by calcium entry (28). The goal 124 of the present work is to reconcile these disparate findings.
125
We used a novel high-speed imaging system to quantify the magnitude and time 126 course of fluid-jet stimuli and the resulting hair bundle displacement. With step-like force 127 stimuli, the fast phase of the current decay was not observed at any potential. photodiode technique using a flexible glass fiber attached to a piezo-electric actuator.
159
We found similar results between the two methodologies (Fig. 1A) . By allowing the 160 stimulated glass fiber to resonate, we demonstrated that the imaging approach had both 161 the speed and sensitivity necessary to track nanometer scale displacement on a sub-162 millisecond timescale (Fig. 1A, bottom) . 
184
To confirm that the fluid-jet stimulator delivered a fast and step-like force, we used 185 the tip displacement of a non-actuated flexible fiber as a readout of the fluid-jet force 186 kinetics (Fig. 1B) . The fiber moved as a step rising to a plateau in 0.5 ms, indicating that performed these experiments while measuring hair bundle displacement using the high-282 speed imaging system, allowing us to simultaneously generate current vs. stimulus 283 voltage and current vs. displacement plots. We used a three-pulse protocol where we 284 assayed the adaptation shifts at 10 ms and 50 ms after the start of a sustained force 285 step with 5 ms test pulses to generate the activation curve (Fig. 3A, M (Fig. 3A, B) , where a shift occurred at negative but not positive potentials. Additionally, 288 current decay was observed at negative, but abolished at positive potentials (Fig. 3A,   289 arrowheads). The current decay at negative potentials during the first 10 ms of the 290 sustained force stimulus was fit with a single exponential decay  = 14.0 ± 1.5 ms (n = 
308
In contrast, plotting the same currents against measured hair bundle 309 displacement demonstrated adaptation shifts at both negative and positive potentials 310 (Fig. 3C ). These data suggested that adaptation shifts and current decays were Step-like displacement stimulations with the fluid jet unmask fast current decays
340
To further support the existence of two adaptation mechanisms with different 341 calcium requirements, we tested if fast current decays could be observed at positive 342 potentials using step-like displacement stimuli. We wondered if the fast current decays 343 were masked by the hair bundle creep (Fig. 1C) , where continued hair bundle movement 344 counteracted the current decay and would be responsible for the lack of visible fast 345 current decays with step-like force stimuli. To test this, we designed a circuit to modify 346 the fluid-jet voltage waveform to create a step-like displacement of the hair bundle (Fig.   347 4A). To limit the contribution of calcium-dependent adaptation mechanisms, we used a 348 high intracellular calcium buffer (10 mM BAPTA) in these experiments. We applied both 349 step-like force and step-like displacement stimuli on the same cell for these experiments.
350
Consistent with Figs. 1F and 2C, fast current decays were absent at both negative and 351 positive potentials with step-like force stimuli (Fig. 4A) . In the same cell with step-like 352 displacement stimuli, fast current decays were present at both negative and positive 353 potentials (Fig. 4A, arrowheads) . For displacement steps eliciting ~50% maximum 354 current, the fast current decay was similar at negative and positive potentials: at negative 355 potentials it had a time constant of 1.6 ± 1.2 ms and contributed 34 ± 14% (n = 7) of the 356 total extent of adaptation, and at positive potentials it had a time constant of 1.8 ± 1.4 357 ms and contributed 29 ± 17% (n = 6) of the total extent of adaptation (p = 0.99 and p = 358 0.32, respectively; paired Student's t-test between negative and positive potentials). The 359 slow current decay, on the other hand, was faster at negative potentials (14 ± 3 ms; n = 360 7) than at positive potentials (59 ± 41 ms; n = 6; p = 0.053, paired Student's t-test).
361
These data further support that all adaptation at positive potentials cannot be accounted 362 for by residual slow adaptation, since a measured time constant of 1.8 ± 1.4 ms (n = 6) 363 (Fig. 4A) is too fast for slow adaptation. The fast current decays at both negative and 364 positive potentials (Fig. 4A, arrowheads) supported the conclusion that fast adaptation 365 was not driven by calcium entry.
366
With step-like displacements, the amount of adaptation increased significantly. A 367 fast time constant of 1.6 ± 1.2 ms and a slow time constant of 14 ± 3 ms suggests that 368 the total adaptation measured at 5 ms is predominately fast adaptation. We used the 369 difference in total adaptation between the time points of 50 ms and 5 ms to quantify slow 370 adaptation. The amount of total adaptation observed as current decays increased with 371 step-like displacements at 50 ms (Fig. 4B ), 5 ms (Fig. 4C) , and between 5 and 50 ms 372 (Fig. 4D) for both negative and positive potentials with no significant difference between 373 the two potentials (p = 0.61, 0.16, and 0.56, respectively). The time to peak current 374 decreased with displacement stimuli (Fig. 4E) , indicating that the current onset is slowed 375 with force stimuli. Across negative and positive potentials, step-like displacements 376 increased the adaptation at 5 ms by 17 ± 8% and the adaptation between 5 and 50 ms 377 by 12 ± 8%, indicating that the step-like displacements led to a greater enhancement of 378 fast current decays. (n = 7, -84 mV, p=0.0067; n = 6, +76 mV, p=0.0038).
404
Discussion:
405
Our data with the fluid jet are consistent with our previous work using a stiff probe, 406 which demonstrate that fast adaptation is not driven by calcium entry (12). Accounting Step-like displacement stimuli result in fast current decays at both negative 412 and positive potentials, indicating that calcium entry does not drive fast adaptation.
413

Fast adaptation is not driven by calcium entry
414
After we proposed that calcium entry does not drive fast adaptation (12), others 415 suggested that the results we observed with the stiff probe were an artifact of the 416 stimulus (28). However, we found that PIP2 depletion resulted in a loss of fast adaptation 417 with stiff probe stimuli (25), indicating that fast adaptation with the stiff probe data is not 418 a stimulus artifact.
419
The resting open probability increases with low extracellular calcium or 420 depolarization, and adaptation regulates open probability, which has been taken to argue that lower extracellular calcium and depolarization regulate adaptation. However, 422 mammalian cochlear hair cells can regulate resting open probability by modulating the 423 lipid membrane, independent of fast adaptation (13). Therefore, direct assays are 424 required to test whether calcium entry drives fast adaptation.
425
We now also demonstrate that data from Corns et al. (2014) (Fig. 3) .
432
We also hypothesize that Corns et al. used an underdamped stimulus that 433 created a time-dependent decrease in current amplitude that appeared to be fast 434 adaptation. We simulated their underdamped stimulus by using an overshoot stimulus 435 (Fig. 2) . Under these conditions, fast time-dependent current decays were present at 436 negative but not positive potentials, as with their observation. This result can be mis-437 interpreted as fast adaptation driven by calcium, when in fact it is due to a stimulus 438 artifact.
439
Interestingly, an overshoot stimulus can result in current decays at negative, but 440 not positive potentials (Fig. 2B) . Initially, we expected the overshoot artifact to cause a this result may be due to differences in current rise time. At positive potentials, the 444 current rise time is longer (Fig. 4E) . When the overshoot artifact occurs during the longer 445 current rise, it can result in shortening the current rise time and can mask the current 446 decay (see supplemental text), similar to early plateau in the hair bundle displacement 447 using the same stimulus ( Fig. 2A onset zoom) . Another factor contributing to the lack of 
456
The most convincing result is the appearance of fast current decays with a fluid- (Fig. 4A) . This discrepancy may be caused by multiple differences in the problems, and we still observe fast current decays at positive potentials using a step-487 like displacement stimuli with the fluid jet (Fig. 4A) . bundle creep that we, the authors themselves in another study, and others have 492 observed (Fig. 1C) (28, (33) (34) (35) (36) 38) . Second, the test pulses after the sustained stimulus However, neither study directly tests for the calcium dependence of fast adaptation. Fig. 4-6 ), but they are likely using an underdamped stimulus.
506
Even so, the data presented have no noticeable effect on fast adaptation. If fast 507 adaptation were driven by calcium entry, then the lowered calcium permeability in the 508 mutant cells would be expected to increase the fast adaptation time constant and/or 509 decrease the extent; however, neither of these occur, which supports that calcium entry 510 does not drive fast adaptation. When interpreting data about the calcium dependence 511 of adaptation, it is important to separate the different mechanisms (fast, slow, and lipid 512 regulation) and to assay each separately on their respective time scales.
513
Mechanisms of adaptation
514
Adaptation is hypothesized to contribute to the hair cell's dynamic range and 515 frequency selectivity (4, 6); therefore, determining its mechanism is important. Knowing 
541
The results in this study confirm that fast adaptation is not driven by calcium entry containing (in mM): 140 NaCl, 2 KCl, 2 CaCl2, 2 MgCl2, 10 HEPES, 2 creatine 554 monohydrate, 2 Na-pyruvate, 2 ascorbic acid, 6 dextrose, pH=7.4, and 300-310 mOsm.
555
In addition, an apical perfusion, using pipettes with tip sizes of 150-300 µm, provided 556 local perfusion to the hair bundles. 10,000 frames per second using the Phantom Miro 320s at 128 x 128 pixels with a 100 585 nm effective pixel size. Videos were saved for each stimulation and analyzed offline.
586
Four stimulus presentations were averaged together at each stimulus level unless 587 otherwise stated. In some experiments, a short flexible fiber (long fibers have too much 588 viscous drag) was used to monitor the force of the fluid-jet stimulation. Some fibers were 589 dipped in an oil-based ink to increase fiber contrast. Photodiode measurements were 590 done using a custom-built dual photodiode (SPOT-3D, OSI Optoelectronics) with a 591 custom built onboard differential trans-impedance amplifier (12).
592
For achieving a step-like hair bundle stimulation with the fluid jet, the voltage step 593 response was fed into a custom-built circuit that mimicked a supercharging circuit with 594 an exponential decay (41). We required two exponential decays to achieve a step-like 595 bundle displacement, so two supercharging circuits were used in series where variable 596 resistors allowed modification of the decay magnitude and time constant to match the 597 observed hair bundle creep. The decay time constants were manually adjusted for each 598 cell to yield a step-like displacement of the hair bundle. These parameters were then 599 fixed for both negative and positive potential protocols for that cell and protocols were 600 taken one after another.
601
Hair bundle motion analysis: Custom MATLAB (MathWorks) scripts were used for 602 extraction and analysis of the hair bundle motion. Movie frames were imported into 603 MATLAB and the position of the hair bundle was extracted using a Gaussian fit to a 604 band-pass filtered image (42) for a given vertical row of pixels in the image to yield sub-605 pixel resolution. For most cells, the vertical displacement of the hair bundle near its 606 center was taken as the displacement of the hair bundle.
607
Data analysis: IX plots used the displacement data from the high-speed imaging taking 608 the displacement values at when the peak current occurred for 50 ms step traces. For 609 three-pulse protocols, displacement and current were taken 1 ms after stimulus onset, 610 because the steps were short (5 ms) and peak currents were not always reached during (2)
616
Where Z1 and Z2 were the slope factors and x0 was the set point.
617
For mechanical stimulus steps, a double exponential decay equation was 618 automatically fit in MATLAB using steps that elicited ~50% maximum current: 
638
Data were analyzed using jClamp, MATLAB (MathWorks), and Excel (Microsoft).
639
Graphs were created using MATLAB and Adobe Illustrator. 
